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Abstract 



We have constructed an explicit see-saw model containing two singlet neutrinos, one 
carrying a (B — 3L e ) gauge charge with an intermediate mass scale of ~ O(10 10 ) GeV 
along with a sterile one near the GUT (grand unification theory) scale of ~ O(10 16 ) 
GeV. With these mass scales and a reasonable range of Yukawa couplings, the model 
can naturally account for the near-maximal mixing of atmospheric neutrino oscillations 
and the small mixing matter-enhanced oscillation solution to the solar neutrino deficit. 



The super-Kamiokande experiment has recently provided convincing evidence for the 
atmospheric neutrino oscillation as well as confirmed earlier results on solar neutrino 
oscillation J2|. The atmospheric neutrino oscillation data seem to require a large mixing 
angle between and u T , 

sin 2 29^ > 0.82 (1) 

and 

AM 2 = (0.5 - 6) x 10" 3 eV 2 . (2) 

On the other hand, the solar neutrino oscillation data can be explained by the small mixing- 
angle matter-enhanced solution between v e and a combination of z/ M /z/ T with || 

sin 2 29 e ^ /r = 10- 2 - 10~ 3 (3) 

and 

Am 2 = (0.5 - 1) x 10~ 5 eV 2 . (4) 

This represents the most conservative solution to the solar neutrino anomaly although one 
can get equally good solutions with large mixing-angle matter-enhanced and vacuum oscil- 
lations as well. One would naturally expect a near-maximal mixing between and v T (1), 
as required by the atmospheric neutrino data, if they were almost degenerate Dirac partners 
with a small mass difference given by (2). In the context of a three-neutrino model however, 
the solar neutrino solution (4) would then require the v e to show a much higher level of de- 
generacy with one of these states, which is totally unexpected. Therefore, it is more natural 
to consider the three neutrino mass states as nondegenerate with 

mi = (AM 2 ) 1/2 ~ 0.05eV, m 2 = (Am 2 ) 1/2 ~ 0.003eV, m 3 « m 2 . (5) 

There is broad agreement on this point in the current literature on neutrino physics M , much 
of which is focussed on the question of reconciling this hierarchical structure of neutrino 
masses with at least one large mixing angle (1). 

The cannonical mechanism for generating neutrino masses and mixings is the so called 
see-saw model involving heavy right-handed singlet neutrinos || . It naturally leads to small 
hierarchical masses for the three doublet neutrinos, but with small mixing angles. Alter- 
natively one can generate the small neutrino masses radiatively via the Zee model || |7| or 
the R-parity breaking supersymmetric model || . Instead of heavy right-handed neutrinos, 
one needs here an expanded scalar sector in the < TeV region, as extra Higgs multiplets in 
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the former case and as squarks and sleptons in the latter. The radiative mechanism offers 
more flexibility to reconcile hierarchical neutrino masses with at least one large mixing angle. 
In fact, explicit models for neutrino masses and mixing have been constructed recently to 
explain the atmospheric and solar neutrino data in terms of these two radiative mechanisms 
R, B|. It should be noted however that the presence of extra scalars in the < TeV region 
in these models represents a potential problem with large flavour- changing neutral-current 
(FCNC) effects. Moreover, these extra scalars can either be detected or ruled out in future 
colliders. On the other hand, the see-saw model is less vulnerable to FCNC effects and 
collider search, although it is harder to reconcile hierarchical neutrino masses with a large 
mixing in this case. The present work is devoted to this exercise. As we shall see below, 
this model can naturally reconcile hierarchical neutrino masses with a large mixing angle 
(1). Moreover, the low-energy (< TeV) spectrum of this model is identical to the standard 
model, so that it has no potential problem with flavour-changing neutral currents. 

Let us first consider the atmospheric neutrino oscillation. It is clear from (1), (2) and (5) 
that it requires the heaviest neutrino state to be a roughly equal mixture of v il — v T with mass 
~ 0.05 eV. In the simplest see-saw model, this requires one heavy singlet neutrino, having a 
Dirac coupling to this equal mixture of — v T || . Such a heavy neutrino can be motivated 
in a U(l) extension of the standard model, with the U(l) gauge charge corresponding to 
[B — 3Lj), where one needs one right-handed singlet neutrino carrying an Li number of 1 for 
anomaly cancellation ||10|| . This is analogous to the left-right symmetric model, corresponding 
to the U(l) gauge charge [B — L e — L M — L T ), where one needs three right-handed neutrino 
singlets for anomaly cancellation. Such a U(l) extension of the standard model was recently 
constructed for the U(l) gauge charge (B — 3L T ) ]10| and its phenomenological implications 



studied [[Tl|]. Although one can make the right-handed singlet neutrino of this model to 
couple to a roughly equal mixture of — v T by adjusting the model parameters, it will not 
be a natural feature of this model. To achieve this naturally, we must treat the fi and r 
flavours on equal footing and distinguish them from e. Accordingly we shall consider the 
U(l) extension of the standard model, corresonding to the U(l) gauge charge, 

Y' = B- 3L e . (6) 

Moreover, we shall introduce a reflection symmetry via a multiplicative quantum number, 
N-parity, in order to avoid the coupling of the singlet neutrino with v e |12| . 



The leptons and Higgs scalars of the model are listed below with their SU(2)l x U(1)y x 
U(1)y' gauge charges, where the negative N-parity states have been identified by the sub- 
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script. 



(2, -1/2; -3) z/ e c L ~(l,0;3)_ 

(2,l/2;0) ( V i) ~ (2, 1/2; 3) 





(7) 

Here one extra singlet neutrino v$ with no V charge has been added for explaining the solar 
neutrino data. Since the mass M of this sterile neutrino is not protected by any symmetry, 
it is expected to be very high, going up to the GUT scale (10 16 GeV). All the other new 
particles will acquire masses at an intermediate scale, corresponding to the spontaneous 
breaking of the U(1)y> gauge symmetry. The resulting mass matrix for the five neutrino 
states in the basis [u e v T v c e us] is given by, 

( f" <Vi>\ 

fi<V2> f[<<t>> 

o o o f 2 <m> f 2 <<\>> 

fl < 7/2 > h < V2 > f < x > o 

\r<vi> &<<!>> n<<i>> o m j 

Note that the scalar Q° does not contribute to the mass matrix. However, it provides a 
soft N-parity breaking term in the Lagrangian, which allows the model to avoid a potential 
domain-wall problem. 

Both C° and X° are expected to acquire large vacuum expectation values and masses at 
the scale of U(1)y> breaking. In contrast, the SU(2) doublets t/i and r] 2 are required to have 
positive mass-squared terms at this scale, so that they would have large masses but very 
small vevs < t/i > and < r/ 2 > |13|| . For example, < r/ 2 > can be estimated from the relevant 
part of the scalar potential, 

mlvlm + A(^%)(C + C) + X(vlv2)(x*x) - (9) 

where the last term is the N-parity breaking soft term mentioned above. Although we start 
with a positive mass-squared term for the field 7/2, after minimisation of the potential we 
find that this field acquires a small non-zero vev given by, 

< V2 >= M (10) 
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where Mf = m 2 + A < (° > 2 +X' < x° > 2 represents the physical mass of r]2 and < >~ 10 2 
GeV. One expects a similar value for < rji >. The size of the soft term can be anywhere up 
to the spontaneous symmetry breaking scale, i.e., /i < M 2 . 

In order to account for the desired neutrino masses and mixing we shall require the size 
of the vevs to be 

< 771 >~< T] 2 >~ lGeV. (11) 

This would correspond to assuming fi ~< ( > /100 in (10). Alternatively one can get this 
with /i ~< ( > and M 2 ~ m 2 — 10 < ( >. In either case one can get the required vev with 
reasonable choice of the mass parameters around the scale of the spontaneous symmetry 
breaking. 

We shall now proceed to calculate the masses and mixing angles of the three light left- 
handed neutrinos by diagonalising the 5x5 mass matrix. Since we have added two singlet 
neutrinos, one of the doublet neutrinos will remain massless. This is also clear from the fact 
that the determinant of the mass-matrix (8) is zero. Let 

fl<V2> f2<V2> 

a\ = , , , a 2 = 



f[ < > / 2 <0> 

b l = 7v=^) b 2 = 



M VM 
f" <Vi> 



M 



(12) 



We then take the approximation ai j2 ^> &i i2 ^> c, which will be true for our parameter space 
of interest. The two nonzero light mass eigenvalues are now 

mi ~ aj + aj, (13) 
,n 2 K (B '%-y . (14) 

(1^ "T CZ 2 

The f[ 2 are Yukawa couplings of the standard model Higgs boson to u^, v T . Assuming them 
to be similar in size to the top quark Yukawa coupling as in SO(10) grand unified theories 
implies 

f'1,2 - 1- (15) 

On the other hand, assuming them to be similar in size to the r Yukawa coupling would 
imply 

/' ~ HT 2 . (16) 
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Comparing (5), (12), and (14), we see that the Yukawa couplings of (15) give 

M ~ 10 16 GeV(~ Mgut), 



(17) 



while the Yukawa couplings of (16) imply 



M ~ 10 12 GeV, 



(18) 



which is also a reasonable value. 

Thus one can get the right mass for the matter-enhanced solution to solar neutrino 
oscillations for M in the range of 10 12 ~ 16 GeV. Moreover we see from (12) and (13) that 



Here the Yukawa couplings appearing in the numerator and denominator correspond to the 
scalars r] 2 and x° respectively. Assuming them to be of similar size, we see that any value of 
this Yukawa coupling in the range of (15) - (16) will give the required m\ of equation (5) for 



Thus we can have the right mass for atmospheric neutrino oscillations for a reasonable scale 
of the U(1)y' symmetry breaking and a reasonable range of the Yukawa couplings. 

Let us now look at the mixing matrix connecting the neutrino flavour eigenstates (z/ e , u^, u T ) 
to the mass eigenstates (i/ 3 , i/ 2 , ^i), written in increasing order of mass. Because of the struc- 
ture of (8) with a guaranteed zero mass eigenvalue, we can express this mixing matrix as 
a product of two matrices U\ and i7 2 corresponding to the atmospheric and solar neutrino 
mixing angles respectively, i.e., 




(19) 



< x >^< ( >^ lO*- lu GeV. 



(20) 



(21) 



We get 



l\ \ 

U\— cos#i sin^! 
\ — sin 9 1 cos 9i J 



(22) 



where 
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Note that tan#i is simply the ratio of the Yukawa coulings of 772 to and v T which are 
expected to be of similar size. Assuming them to be equal implies tan#i = 1; i.e., maximal 
mixing for atmospheric neutrino oscillation, sin 2 29\ = 1. Moreover any value of this ratio 
in the range 

0.64 < ^ < 1.56 (23) 

J2 

will ensure the near-maximal mixing condition of equation (1). Thus we can get the required 
mixing angle for atmospheric neutrino oscillations without any fine tuning of the Yukawa 
couplings. 



Finally we get 



U-2 



( COS 62 

sin 8 2 

V 



- sin 9 2 \ 
cos 62 
l) 



(24) 



where 



Substituting (12) in (24) gives 



sin 6*2 



sin 9 



cJ a\ + a| 
aib 2 — a 2 bi 

f" <Vi> 



c 

h,2 



fl,2 <</>>' 

This is to be compared with the required angle (3), which corresponds to 

sin 9 2 = (1.6-5) x 1(T 2 . 



(25) 



(26) 



Assuming the Yukawa couplings to be of similar size, equation (25) gives the required mixing 
angle for 

< 771 >~ lGeV (27) 

as mentioned earlier. There is a contribution to this angle from the charged lepton sector, 
which is however relatively small, as we see below. 

We have been working in the basis where the charged-lepton mass matrix, arising from 
their couplings to the standard-model Higgs boson <ft, is diagonal. However, there will be 
non-diagonal terms introduced by the Yukawa couplings of 771 to e/i and er H; i.e. 



f m e \ 

f{ < 771 > m M 
\f2 <Vi> m T ) 



(2? 
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Its contribution to the v e mixing angle is 

sin e 2 = f{< Vl >^~ fl 10- 1 < 10- 3 , (29) 

since the Yukawa coupling in this case is at most ~ 1CT 2 . 

In summary, we have constructed a see-saw model containing two heavy singlet neutrinos. 
One of them carries a (B — 3L e ) gauge charge and acquires an intermediate scale mass, 
corresponding to the spontaneous breaking of this gauge symmetry. The associated scalars 
have also masses at this scale. The other singlet neutrino is sterile and has a very heavy 
mass near the GUT scale. With these two mass scales and a reasonable range of Yukawa 
couplings, the model can naturally account for the near maximal mixing solution to the 
atmospheric neutrino oscillation and the small mixing MSW solution to the solar neutrino 
oscillation. 



ACKNOWLEDGEMENT 

We thank M. Drees for discussions. We acknowledge the hospitality of the DESY Theory 
Group and US acknowledges financial support from the Alexander von Humboldt Founda- 
tion. The work of EM was supported in part by the U. S. Department of Energy under 
Grant No. DE-FG03-94ER40837. 



8 



References 



[1] Super-Kamiokande Collaboration: Y. Fukuda et al., Phys. Rev. Lett. 81 (1998) 1562; 
|hep-ex/9805UU6] Phys. Lett. B 433 (1998) 9; T. Kajita, Talk presented at Neutrino 98, 
Takayama, Japan (1998). 

[2] Super-Kamiokande Collaboration: Y. Fukuda et al., Phys. Rev. Lett. 81 (1998) 1158; 
Y. Suzuki, Talk presented at Neutrino 98, Takayama, Japan (1998). 



[3] J.N. Bahcall, P.J. Krastev and AYu. Smirnov, [hep-ph /98072 16| ; N.Hata and P.G. Lan- 
gacker, Phys. Rev. D 56 (1997) 6107. 



[4] B. Allanach, [hep-ph/9806294j ; V. Barger, S. Pakvasa, T.J. Weiler and K. Whisnant, 
|hep-ph/9806387j ; V. Barger, T.J. Weiler and K. Whisnant, |hep-ph/98073T9| ; J. Elwood, 
N. Irges and P. Ramond, |hep-ph/980722l| E. Ma, |hep-ph/9807386| (Phys. Lett. B, in 
press); G. Altarelli and F. Feruglio, |hep-ph / 9807353| ; Y. Nomura and T. Yanagida, [hep- 



ph/9807325| ; A. Joshipura, |hep-ph/9808261| ; H. Fritzsch and Z. Xing, |hep-ph/ 9808272 



J. Ellis et al, |hep-ph/9808251| ; A. Joshipura and S. Vempati, |hep-ph/ 9808232] ; U. 
Sarkar, |hep-ph/98082T7j ; S. Davidson and S.F.King, |hep-ph/9808296| ; G. Cleaver et 
al., Phys. Rev. D 57 (1998) 2701; H. Georgi and S.L. Glashow, |hep-ph/9808293| ; R.N. 



Mohapatra and S. Nusinov, |hep-ph / 980830 1| ; R. Barbieri, L.J. Hall and A. Strumia 
|hcp-ph /9808333| ; Y. Grossman, Y.Nir and Y. Shadmi, [hep-ph/9808355 . 



[5] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, Proceedings of the Work- 
shop, Stony Brook, New York, 1979, ed. by P. van Nieuwenhuizen and D. Freedman 
(North- Holland, Amsterdam); T. Yanagida, in Proc of the Workshop on Unified The- 
ories and Baryon Number in the Universe, Tsukuba, Japan, edited by A. Sawada and 
A. Sugamoto (KEK Report No. 79-18, Tsukuba) 1979; 

[6] A. Zee, Phys. Lett. B 93 (1980) 389. 

[7] E. Ma, |hep-ph/9807386| (Phys. Lett. B, in press); Phys. Rev. Lett. 81 (1998) 1171. 

[8] M. Drees, S. Pakvasa, X. Tata and T. ter Veldhius, Phys. Rev. D 57 (1998) 5335; B. 
Mukhopadhyaya, S. Roy and F. Vissani, |hep-ph/9808265| ; E.J. Chun, S.K. Kang, C.W. 
Kim, and U.W. Lee, |hep-ph/ 9807321 ; A. Joshipura, |hep-ph/98U8232 .. 



[9] S.F. King, frep-ph/9806440t S. Davidson and S.F. King, [hep-ph/9808296 



9 



[10] E. Ma, Phys. Lett. B 433 (1998) 74. 

[11] E. Ma and D.P. Roy, Phys. Rev. D 58 (1998) 095005; E. Ma and U. Sarkar, [Kep= 

| ph/9807307| (Phys. Lett. B, in press). 

[12] K.S. Babu and V.S. Mathur, Phys. Rev. D 38 (1988) 3550. 

[13] E. Ma and U. Sarkar, Phys. Rev. Lett. 80 (1998) 5716. 



10 



